Female survivors of childhood central nervous system (CNS) tumors experience an increased risk of infertility and various pregnancy complications. We aimed to explore whether the incidence of inguinal hernia could be higher in offspring of female CNS tumor survivors as compared to the general population. Girls who were younger than 15 years of age and diagnosed with CNS tumors between 1958 and 2013 were identified from the Swedish Cancer Registry. By linking with the Swedish Medical Birth Registry, we identified 580 children who were born to mothers of CNS tumor survivors. After 9,662 person-years of follow-up, 23 of them were diagnosed with inguinal hernia, giving an incidence rate (IR) of 2.4 per 1,000 person-years, whereas the IR was 1.2 for the matched controls. Cox regression analysis was used to calculate the hazard ratio (HR) of inguinal hernia. After adjusting for some confounding factors, the incidence of inguinal hernia was significantly increased with an HR of 1.92 (95%CI 1.08-3.41). The association was predominant in offspring whose mothers were diagnosed with CNS tumors at the age of 10 and older, and with CNS tumors located in the brain.
1
Both the incidence and survival rates of childhood CNS tumors are higher in Sweden and in other Nordic countries as compared with the rest of the European countries. 2 The incidence of childhood CNS tumors in Sweden is approximately four per 100, 000 children and the five-year relative survival rate is around 76%. 1 There are many types of childhood CNS tumors; astrocytomas represent the largest group and account for 45% of all CNS tumors. Depending on the tumor location, grading and histological type, treatment modalities might be combined with surgery, radiotherapy and/or chemotherapy. Survivors of childhood CNS tumor survivors can experience long-term late effects because of the irradiation on the developing brain, the toxicity of chemotherapy and the tumor itself. 3 An increased risk of second cancer has been consistently reported for survivors of CNS tumors during childhood. 4, 5 Available evidence suggest that the female reproductive system is vulnerable to cancer therapy, as shown by altered menarche, miscarriage and other late effects. 6 Cranial radiation might damage the hypothalamic-pituitary axis, which in turn can lead to a range of endocrinopathies. In addition, damage to the pituitary gland can cause low production of the follicle-stimulating and luteinizing hormones and can lead to ovarian failure. Radiation and chemotherapy can deplete the amount of primordial follicles, and lead to ovarian damage, which is more common in patients at an older age as compared patients at a younger age because young patients have a greater reserve of primordial follicles. 7 A number of studies found that the germ cells can develop various epimutations (heritable changes in gene expression that does not affect the actual base pair sequence of DNA) when experienced with environmental toxicants or stress during spermatogenesis or ovogenesis. A significant difference was noted in the DNA methylation regions in the sperm of patients with childhood osteosarcoma and exposed to chemotherapy as compared to male without exposure. 8 In addition, the difference was still significant even ten year after the exposure, suggesting that chemotherapy exposure can promote epigenetic alterations that persist in later life, and has the potential to promote epigenetic inheritance to the next generation. Beside epimutations in sperm, a significantly higher germline mutation rate was found in offspring of rats exposed to radiation when compared to pre-exposure offspring. 9 Studies on epimuations and de novo mutations in the eggs of female cancer survivors are largely scare. However, studies in female mice found that the chemotherapyinduced effects can be transmitted transgenerationally. 10 An increased rate of neonatal death, physical malformations, chromosomal abnormalities and death of mothers due to delivery complications can be found in the generation 6 (G6), suggesting that genetic alterations or cell-killing events in oocytes might contribute to the observed long-term effects of chemotherapy in female mice and their offspring. 10 In addition, the incidence of congenital malformation is moderately higher in offspring of female cancer survivors, 11 suggesting possible genetic and/or epigenetic mutations in the egg cells. After successful treatment of the primary CNS tumors, survivors might intend to have their own children. However, female survivors of CNS tumors usually face an increased risk of infertility, 12 preterm birth, intrauterine growth restriction/small for gestation age, stillbirth and neonatal death. 13 Preterm birth and intrauterine growth restriction could delay the contraction of the inguinal canal, which will be indirectly related to the development of inguinal hernia. 14 Inguinal hernia is the most common type of hernia in children and is caused by an increased pressure within the abdomen and a pre-existing weakness in the abdominal wall at birth. Common risk factors associated with inguinal hernia include smoking, collagen disease and previous appendicectomy and prostatectomy. In addition, a positive family history was also associated with an increased incidence of inguinal hernia, suggesting a possible genetic contribution on the development of inguinal hernia. 15 Recent study using whole-exosome sequencing found that missense variant in the A-band of TTN is the strongest candidate mutation for autosomaldominant inguinal hernia with incomplete penetrance. 16 Some other genes-such as GATA6, TBX1-3 and collagen type I alpha 1 gene-were reported be associated with the development of inguinal hernia. [17] [18] [19] [20] Based on the evidence we discussed above, we hypothesized that epimutations and/ or de novo mutations in the eggs of female CNS tumor survivors might be more common than in the general population, and we aimed to explore whether the incidence of inguinal hernia could be higher in offspring of tumor survivors as compared to the general population. Age at diagnosis is one factor to determine the medical treatment in girls with CNS tumors. In addition, age at diagnosis might determine the time interval between medical treatment of CNS tumors and time at pregnancy, which was negatively associated with adverse outcome in offspring female cancer survivors. 6, 13 Ovarian damage is also associated with the age at diagnosis and treatment of childhood tumor. 6 Cranial radiation might directly damage the hypothalamic-pituitary axis in patients with CNS tumors located in the brains as compared to those with CNS tumors located in spine and peripheral nerves, 6 we thus stratified our analyses by age at diagnosis of CNS tumors and the location of tumors.
Methods

Study population
This retrospective cohort study was approved by the Ethics Committee at Lund University, Sweden. Girls who were younger than 15 years of age and diagnosed with nervous system tumors between 1958 and 2013 were identified from the Swedish Cancer Register by using the 7th International Classification of Disease (ICD-7) codes 193. The Swedish Cancer Registry was founded in 1958 and is maintained by the National Board of Health and Welfare. At present, the Swedish Cancer Registry has an estimated >90% completeness of nationwide coverage. 21 By linking with the Swedish Medical Birth Register, we could identify the children of mothers who were survivors of CNS tumors. The Swedish Medical Birth Registry was established in 1973 by the National Board of Health and Welfare with the aim to collect information on ante-and perinatal factors, and to explore their contribution to the health of the infant. The registry contains information about maternal age at childbirth, height, prepregnancy weight, family situation (cohabiting or not cohabiting with the father-to-be), smoking habits in early pregnancy and maternal diseases during pregnancy. 22 In total, 580 children were identified in this registry that were delivered by a mother that was a CNS tumor survivors. Up to five children whose mothers were not diagnosed with cancer before their births were matched to these 580 children by sex, birth year and maternal age at birth.
What's new?
Chemotherapy potentially induces heritable changes in DNA methylation in germ cells. Such epimutations are suspected of being transmitted transgenerationally, possibly resulting in defects in offspring, though little is known about epimutation heritability in humans. In this investigation of cancer registries in Sweden, inguinal hernia incidence in offspring of female central nervous system (CNS) tumor survivors was found to be higher than the incidence in the general population. Inguinal hernia was more common among boys than girls and occurred more frequently in children whose mothers were age 10 or older at CNS tumor diagnosis or had a tumor in the brain.
We further linked these children to the Swedish Hospital Discharge Register and the Swedish Hospital Outpatient Register to identify whether they had been diagnosed with inguinal hernia during the study period. The Swedish Hospital Discharge Register was created by the National Board of Health and Welfare in 1964. From 1987 and onward, the register has included complete nationwide data and contained hospital discharge records for all individuals residing in Sweden. The Swedish Hospital Discharge Register has nearly 90% overall validity 23 and was started in 2001. It covers the whole Swedish population who have visited outpatient care. Inguinal hernia was recorded in the Swedish Hospital Register by using different versions of the ICD codes. ICD8 codes were adopted between the years 1973 and 1986 (code 55099), and it was changed to ICD9 (code 550) between 1987 and 1996 and to ICD10 (code K40) between 1997 and 2015.
We further linked these children to the Cause of Death Register to identify date of death as well as the cause of death, and to the Emigration Registry to identify date of emigration. All linkages were performed using individual national identification numbers, which were replaced with serial numbers to preserve anonymity.
Statistical analysis
Cox regression was used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) for inguinal hernia associated with maternal CNS tumors. Potential confounding was controlled by selected clinical and demographic characteristics. 24 The following characteristics were included in the model: sex (male and female), year of birth (modeled as a continuous variable); maternal (<25, 25-29, 301) and paternal age (<30, 30-34, 351) at childbirth; maternal smoking during pregnancy (none, <10 cigarettes and >10 cigarettes), multiple births (yes or no), preterm birth (yes or no), small for gestational age (yes or no) and family history of hernia (yes or no).
We censored individuals (i.e., treated them as no longer under observation or at risk of the study outcome) at the time of death from any cause, at the end of the follow-up period (December 31, 2015) or at the time of emigration, whichever came first. The proportional hazards assumption was tested using cumulative martingale residuals and the Kolmogorov-based supremum test. Data are accurate to two decimal places. All analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC, USA).
Sensitivity analyses
Several sensitivity analyses were done to exclude the possibility of chance findings. First, we removed children presenting with preterm birth and small for gestational age, as offspring of cancer survivors experienced a high incidence of preterm birth and small for gestation age and these factors were associated with an increased risk of inguinal hernia. Second, we studied the risk of inguinal hernia for children who were born before 1990 as cancer survivors might use in vitro fertilization technique, which was adopted in Sweden in the 1980s.
Results
In total, 580 children were found from these registers to be delivered by mothers of CNS tumor survivors, and 2,586 children whose mothers without a diagnosis of cancer were used as matched controls ( Table 1 ). The rate of inguinal hernia was higher in boys than in girls and in those with multiple births, preterm birth and small for gestational age. Smoking during pregnancy, giving birth at a younger age and family history of hernia were also associated with higher rate of inguinal hernia.
After a mean of 16.5 years and accumulated 9,662 personyears of follow-up, 23 of them were diagnosed with inguinal hernia, giving an incidence rate of 2.4 per 1000 person-years (Table 2) , whereas the rate was 1.2 for the matched controls. Offspring of female survivors of childhood CNS tumors showed an increased risk of inguinal hernia, with a crude HR of 2.08 (95%CI 1.24-3.50) and an adjusted HR of 1.92 (95%CI 1.08-3.41). The association was further stratified by age at diagnosis of CNS tumors in mothers and the anatomical site and histology of the tumors. The increased incidence of inguinal hernia was noted only in those offspring whose mothers were diagnosed with CNS tumors between the ages of 10 and 14, and only in those whose tumors were located in the brain. The association was largely consistent irrespective of tumor histology, but only astrocytoma showed a significantly increased HR. Sensitivity analyses did not modify the observed association (Table 3) .
Discussion
In this retrospective cohort study, we could identify a total of 580 children of mothers who were childhood CNS tumor survivors. As compared to matched controls, these children showed an increased incidence of inguinal hernia. In addition, the association was mainly observed in offspring whose mothers were diagnosed with CNS tumors at the age of 10 and older, and with CNS tumors located in the brain.
This population-based study has a number of strengths and some limitations. An important strength is that it is a nationwide population-based study. By using data from several nationwide registers, we could identify all the children whose mothers were childhood CNS tumor survivors in Sweden. However, we could only identify 580 children at a national level, which calls for further international collaborations to confirm the observed association. All the data were retrieved from nationwide Swedish registers that are of renowned high quality. The prospective study design and the completeness of the follow-up of patients are other major advantages of this study. In addition, potential confounding factors-such as family history of hernia, parental age at childbirth and maternal smoking during pregnancy-were retrieved by linking several national registers. One limitation of this study is the lack of information on medical treatments, which is an important factor that might contribute to the observed outcome. Besides, medical treatments might give clues of the underlying mechanisms. Further studies including medical treatments are highly needed to explore the observed association.
To our knowledge, this is the first population-based study to explore whether children of mothers, who were childhood CNS tumor survivors, might experience an increased incidence of inguinal hernia. Female cancer survivors had an increased risk of clinical infertility. 25 Even if they were later successful in becoming pregnant, these survivors might be associated with a range of pregnancy complications, such as preterm birth, stillbirth and neonatal death. 13, 26, 27 Restricted fetal growth during pregnancy might delay the contraction of the inguinal canal when the testes pass into the scrotum, which could be indirectly related to the development of inguinal hernia, and could partly explain our observation. 14 However, the sensitivity analysis, which was done by removing children with preterm birth and small for gestational age, did not change the observed association, which suggests that other mechanisms might contribute to the increased incidence of inguinal hernia in offspring of CNS tumor survivors. We acknowledge that underlying mechanisms need further examination, but the contribution of epimutations in eggs of female CNS tumor survivors might provide some insights about the observed association. The findings from this study need to be confirmed by other observational studies. It should be noted that the increase was found only in offspring of survivors who were diagnosed with CNS tumors at the age of 10 and older and with tumors located in the Cancer Epidemiology brain, suggesting that epimutations might be more common in eggs of these patients. As puberty in girls starts normally around 10 or 11 years of age, the development of female reproduce system and the production of egg cells might be damaged in girls with CNS tumors diagnosed between 10 and 14 and received radio-and/or chemotherapy. In addition, our previous study found that the risk of stillbirth was negatively associated with the time after cancer diagnosis, suggesting that the adverse effect associated with cancer treatment may diminish with time. This observation might partly explain the higher risk of inguinal hernia in girls with CNS tumors diagnosed at age of 10 and older as compared to those diagnosed at a younger age because the adverse effect might diminish among those diagnosed with CNS tumors at a younger age. 13 Cranial radiation in patients with CNS tumors located in the brains might damage the hypothalamic-pituitary axis directly, whereas the damage might be minimal in patients with CNS tumors located in spine and peripheral nerves, which might partly explain the higher incidence of inguinal hernia in offspring of female CNS tumor survivors located in the brain. In addition, we found that the incidence of inguinal hernia was higher among offspring with a family history of hernia and with a maternal smoking during pregnancy, which was in line with previous reports. 28 In summary, this population-based study shows that the children from mothers who were childhood CNS tumor survivors experience an increased risk of inguinal hernia. Risk increase was found mainly in offspring whose mothers were diagnosed with CNS tumors at the age of 10 and older.
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